Isometric force after active stretch of muscles is higher than the purely isometric force at the corresponding length. This property is termed residual force enhancement. Active force in skeletal muscle depends on calcium attachment characteristics to the regulatory proteins. Passive force has been shown to influence calcium attachment characteristics, specifically the sarcomere length dependence of calcium sensitivity. Since one of the mechanisms proposed to explain residual force enhancement is the increase in passive force that results from engagement of titin upon activation and stretch, our aim was to test if calcium sensitivity of residual force enhancement was different from that of its corresponding purely isometric contraction and if such a difference was related to the molecular spring titin. Force-pCa curves were established in rabbit psoas skinned fibers for reference and residual force-enhanced states at a sarcomere length of 3.0 m 1) in a titin-intact condition, 2) after treatment with trypsin to partially eliminate titin, and 3) after treatment with trypsin and osmotic compression with dextran T-500 to decrease the lattice spacing in the absence of titin. The force-pCa curves of residual force enhancement were shifted to the left compared with their corresponding controls in titin-intact fibers, indicating increased calcium sensitivity. No difference in calcium sensitivity was observed between reference and residual force-enhanced contractions in trypsin-treated and osmotically compressed trypsin-treated fibers. Furthermore, calcium sensitivity after osmotic compression was lower than that observed for residual force enhancement in titin-intact skinned fibers. These results suggest that titin-based passive force regulates the increase in calcium sensitivity of residual force enhancement by a mechanism other than reduction of the myofilament lattice spacing.
increase in the number of attached cross bridges or a transition from weakly to strongly bound cross bridges (45, 49) .
The amount of passive force produced by striated muscle has been shown to be an important contributor to the length dependence of calcium sensitivity of active force (4, 8, 47) . Cazorla et al. (4) determined the force-pCa relationship in myocytes at a SL of 2.3 m with low and high passive forces. Passive force was changed by adjustment of the characteristics and history of the passive stretch imposed. High passive force resulted in a leftward shift of the force-pCa curve compared with low passive force, suggesting that high passive forces increase calcium sensitivity. This theory has not been tested in skeletal muscle after residual force enhancement. A simple way to approach this question would be by comparing calcium sensitivity in normal isometric contractions with that after force-enhanced isometric contractions, because one of the mechanisms proposed to explain residual force enhancement has been an increase in passive force. This increase in passive force has been associated with the engagement of a passive structural element upon activation and stretch, and the structural protein titin has been identified as the prime candidate for this role (6, 15) . Titin is a giant protein that spans the halfsarcomere distance from Z disk to M band. Titin's I band region functions like a molecular spring that develops passive force when sarcomeres are stretched. It has been suggested that titin might attach to actin upon activation, resulting in a decrease in its slack length and/or an increase in its stiffness and, thus, an increase in its force when actively stretched (29) . The purpose of this study was to determine if calcium sensitivity of residual force enhancement was different from that of its corresponding purely isometric contraction and if such a difference was related to the molecular spring titin.
Experiments were performed using skinned fibers isolated from rabbit psoas muscle. Calcium sensitivity was characterized by establishing the force-pCa curve for reference isometric and residual force-enhanced contractions for a stretch magnitude of 0.6 m (from an average SL of 2.4 m to an average SL of 3.0 m). The involvement of titin was assessed by establishing the force-pCa curves after selective titin degradation using trypsin. Increases in titin force have been associated with a decrease in lattice spacing, thereby bringing myosin heads closer to actin attachment sites and, thus, increasing calcium sensitivity. To test this hypothesis, we also established the force-pCa curves in osmotically compressed trypsin-treated fibers, thereby decreasing lattice spacing without the help of titin.
MATERIALS AND METHODS

Skinned Fiber Preparation
Rabbits were euthanized by an intravenous injection of 1 ml of pentobarbital (240 mg/ml) according to a protocol approved by the University of Calgary's Animal Care and Ethics Committee. Strips of psoas muscle were then dissected, tied to small wooden sticks, and stored in a skinning solution (see Solutions) for 12 h at 4°C and then in a skinning-glycerol (50:50) solution at Ϫ20°C for 2 wk (37). On the day of the experiments, a single-fiber segment was dissected from the skinned muscle biopsy using a binocular microscope and transferred to an experimental glass chamber containing a relaxing solution. One end of the fiber was glued to the hook of a length controller and the other end to the hook of a force transducer (model 400A, Aurora Scientific, Aurora, ON, Canada), allowing for control of fiber length and measurement of force, respectively. SLs were measured using optical diffraction of a He-Ne laser beam. All experiments were performed at ϳ15°C.
Mechanical Tests and Force Measurements
Force-pCa curves in titin-intact fibers. Force-pCa curves were established with pCa 7.0, 6.8, 6.6, 6.4, 6.2, 6.0, 5.8, 5.4, and 4.2 solutions. The pCa solutions were applied in the order of increasing calcium concentrations. We previously verified that there was no influence of random or systematic applications of pCa solutions on the force-pCa curves. For each pCa, a reference-normalized force and a residual force-enhanced-normalized force were established according to the following protocol ( Fig. 1) : fibers (n ϭ 12) were set at an average SL of 2.4 m in relaxing solution and then stretched passively to an average SL of 3.0 m, held for 20 s, and then bathed in a washing solution, which eliminated EGTA traces from previously applied relaxing solutions. Fibers were then activated by a given pCa solution that produced a force F and a pCa 4.2 solution that produced a maximal force F 0. The reference-normalized force was calculated as F/F0. After a rest period of 5 min, the residual force enhancement (RFE) test was performed. Fibers were activated at an average SL of 2.4 m with the same pCa used for the reference test and actively stretched to an average SL of 3.0 m. After steady-state force (F RFE) had been reached, fibers were transferred to a pCa 4.2 solution (F0 RFE) and then to a relaxing solution. The residual force-enhancednormalized force was calculated as FRFE/F0 RFE.
The force-pCa curves were fit to Hill's equation (SigmaPlot software):
where K is the apparent dissociation constant (pK ϭ ϪlogK ϭ pCa50), nH is the Hill coefficient, and Fmin is the offset of force at low calcium concentrations. We used pCa50, the pCa that resulted in half-maximal force response, as an indicator of calcium sensitivity. The difference in pCa50 was named ⌬pCa50.
Seven additional fibers were used to assess the force-pCa curve at a SL of 2.4 m without stretch. These fibers were used to test if the force-pCa curves in our experiments showed the same length dependence (between the average SLs of 2.4 and 3.0 m) of calcium sensitivity as that reported in the literature for skeletal muscles (33) .
Force-pCa curves after treatment with trypsin. Fibers (n ϭ 12) were stretched to an average SL of 3.0 m and incubated with a relaxing solution containing 0.25 g/ml trypsin for 2 min (16). Force-pCa curves were then established for reference contractions performed at an average SL of 3.0 m, and residual force-enhanced contractions were performed from an average SL of 2.4 m to an average SL of 3.0 m. Titin degradation was evaluated using agarosestrengthened SDS-polyacrylamide gels (39) .
Force-pCa curves after treatment with trypsin and osmotic compression. Force-pCa curves were established for reference contractions and residual force-enhanced contractions at an average SL of 3.0 m in fibers first treated with trypsin (0.25 g/ml) for 2 min and then incubated in 4% dextran T-500 (n ϭ 7) for 30 min. In preliminary experiments, we used 1% dextran (n ϭ 3) and 8% dextran (n ϭ 3), but we found that they did not compress the lattice spacing to the extent that would change calcium sensitivity as previously described in the literature or compress lattice spacing to high degrees that would inhibit formation of cross bridges; therefore, we did not use 1% and 8% dextran. Three additional fibers were used to assess the effect of 4% dextran alone without pretreatment with trypsin on the force-pCa curve at an average SL of 2.4 m. These fibers were used to show the increase in calcium sensitivity in the presence of dextran previously reported in the literature (49) .
Statistical Analysis
For the different conditions, comparisons between reference and residual force-enhanced states were done using a Mann-Whitney matched-pairs test. Comparisons of reference and residual forceenhanced states among the three groups (no trypsin, trypsin, and trypsin ϩ dextran) and for each parameter (pCa 50 and nH) were made using a 2-way ANOVA (Table 1) . When significance was noted, a Fisher's least significance difference post hoc test was used. The level of significance was set at P Ͻ 0.05. Values are means Ϯ SE.
Solutions
Skinning or relaxing solution. Skinning or relaxing solution contained (in mM) 170 potassium propionate, 2.5 magnesium acetate, 20 MOPS, 5 K 2EGTA, and 2.5 ATP, pH 7.0.
Washing solution. Washing solution contained (in mM) 185 potassium propionate, 2.5 magnesium acetate, 20 MOPS, and 2.5 ATP, pH 7.0.
Activating solutions. Activating solutions contained (in mM) 170 potassium propionate, 2.5 magnesium acetate, 10 MOPS, 2.5 ATP, and CaEGTA and K 2EGTA mixed at different proportions to obtain various values of pCa (Ϫlog[Ca 2ϩ ]), pH 7.0 (37). All solutions contained one protease inhibitor tablet (Complete, Roche Diagnostics, Quebec, PQ, Canada) for 100 ml of solution. Figure 1 shows the force-time history of a reference and a residual force enhancement test with a pCa 6.0 solution. The force-pCa curves for reference and residual force-enhanced states and for a purely isometric contraction at an average SL of 2.4 m are shown in Fig. 2 . The curves exhibited the classic Values (means Ϯ SE) are pCa50 and Hill coefficient (nH) of the residual force-enhanced (FE) state after active stretch from an average sarcomere length of 2.4 m to an average sarcomere length of 3.0 m and the corresponding reference (Ref) state in intact skinned fibers (no trypsin), trypsin-treated fibers (trypsin), and osmotically compressed trypsin-treated fibers (trypsin ϩ 4% dextran). *Significantly different from corresponding reference contraction (Mann-Whitney, P Ͻ 0.05). †Significantly different from residual force-enhanced state in intact skinned fibers (ANOVA, P Ͻ 0.05). ‡Significantly different from reference contraction in intact skinned fibers (ANOVA, P Ͻ 0.05).
RESULTS
sigmoidal profiles. The reference force-pCa curve at an average SL of 3.0 m was shifted to the left (pCa 50 ϭ 6.09 Ϯ 0.01) compared with that established at an average SL of 2.4 m (pCa 50 ϭ 5.99 Ϯ 0.02), confirming the length dependence of calcium sensitivity previously reported in the literature for skeletal muscle (33) . For residual force enhancement tests, the force-pCa curve was shifted to the left compared with its corresponding control, and pCa 50 was increased from 6.09 Ϯ 0.01 in the reference state to 6.17 Ϯ 0.02 in the residual force-enhanced state (Table 1 ). No change in n H was observed between the reference state and the residual force-enhanced state (Table 1) . There was a correlation between ⌬pCa 50 of the residual force-enhanced state and its corresponding control and residual force enhancement (Fig. 3) .
Titin amount could not be assessed with electrophoresis gels in every fiber after mechanical testing because of the small amount of titin in a fiber; therefore, fibers were mixed and grouped into titin-intact and trypsin-treated fibers. In titinintact fibers, titin was found to be degraded by 20% because of the skinning protocol and conservation. In trypsin-treated fibers, titin degradation was 68% (Fig. 4) . No difference was observed in pCa 50 and n H between reference and residual force-enhanced contractions in trypsin-treated fibers (Fig. 4,  Table 1 ). However, compared with titin-intact fibers (notrypsin group), pCa 50 and n H were decreased and increased, respectively (Fig. 4, Table 1 ). There was no difference in pCa 50 and n H between isometric reference and residual force-enhanced states in osmotically compressed trypsin-treated fibers (Fig. 5, Table 1 ). Furthermore, pCa 50 in these fibers returned to the initial values observed for the isometric reference contractions in titin-intact fibers but did not reach the values observed in the residual force-enhanced conditions. pCa 50 at an average SL of 2.4 m after treatment with 4% dextran (without previous trypsin degradation) increased from 5.99 Ϯ 0.02 to 6.13 Ϯ 0.02, confirming previously reported results on the effect of osmotic compression on calcium sensitivity (49) .
DISCUSSION
The purpose of this study was to determine if calcium sensitivity of residual force enhancement was different from that of its corresponding purely isometric contraction and if such a difference was related to the molecular spring titin. Our main finding is that calcium sensitivity of residual force enhancement is higher than that of a purely isometric contraction at the corresponding length. Furthermore, when titin was partially eliminated, the difference in calcium sensitivity between residual force-enhanced and reference contractions was re- duced, suggesting that titin must be present for the change in calcium sensitivity of residual force enhancement to occur.
Although this study is the first to test the relationship between calcium sensitivity and residual force enhancement by establishing the force-pCa curve for isometric reference contractions and for force-enhanced contractions, previous findings implied that the level of activation had an effect on residual force enhancement. For example, intact fibers treated with the cross bridge inhibitor 2,3-butanedione monoxime showed increased force enhancement with increasing exposure to 2,3-butanedione monoxime and associated decreases in active force (42) , while skinned rabbit psoas fibers showed greater force enhancement when activated submaximally (pCa ϭ 6.0) than when activated maximally (pCa ϭ 4.5) (34) .
Previous work showed that the amount of passive force produced by striated muscle cells is an important contributor to the increase in calcium sensitivity of active force at long SLs (4, 47) . Studies on mouse skinned cardiac myocytes, in which the degree of passive force before activation was varied by changing the history of passive stretch, showed a passive force-dependent calcium sensitivity: the higher the passive force, the higher the calcium sensitivity (4). Similar results were found in cardiac myocytes and trabeculae in which passive force was varied by trypsin degradation of titin (9) . Moreover, titin loss and reduction of passive force in rat soleus muscle following 6 wk of hindlimb immobilization were associated with sarcomeric abnormalities and a reduction of calcium sensitivity (47) . One mechanism that has been proposed for residual force enhancement is the engagement of a passive element upon activation and stretch (6, 15) . It is thought that titin-based passive force is highly increased after muscle activation. Upon active force production, titin might interact with actin, thereby shortening its spring length or increasing its spring stiffness and, therefore, increasing its force when stretched (22, 29) . Here, we propose that the titin-based increase in passive force upon activation causes the increase in calcium sensitivity of residual force enhancement. To test if titin-based passive force plays a role in the increase in calcium sensitivity of residual force enhancement, we determined the force-pCa curves for reference and residual forceenhanced states in skinned fibers after selective titin degradation using low concentrations of trypsin (Fig. 4) . In these experiments, pCa 50 of residual force enhancement was essentially identical to that measured for the purely isometric reference contraction, providing strong evidence that titin-based passive force is directly linked to changes in the force-pCa curve observed for residual force enhancement in titin-intact fibers.
It has been suggested that the titin-based passive forces produce a radial force that compresses the myofilament lattice spacing, thereby increasing the attachment probability of cycling cross bridges (4, 9, 47) . Titin-based passive forces are greater after active stretch than isometric reference contractions; therefore, according to this mechanism, the radial force is increased and the lattice spacing decreased, thus increasing the probability of cross-bridge attachment, which manifests itself in an increase in calcium sensitivity. To test if titin-based passive force and decreased lattice spacing cause the increase in calcium sensitivity, we determined the force-pCa curves in osmotically compressed trypsin-treated fibers. If the difference in pCa 50 between reference and residual force enhancement is caused by a compression of the lattice spacing due to titinbased passive force, then the following predictions should hold in trypsin-treated osmotically compressed fibers: 1) pCa 50 is similar between reference and residual force-enhanced contractions, because the lattice spacing is similar for these two preparations, and 2) pCa 50 for reference and residual forceenhanced contractions is similar to that for active stretch contractions of titin-intact skinned fibers, because by compressing the lattice spacing with dextran, we mimic the role of titin after stretch.
The first of these predictions was experimentally confirmed. However, the pCa 50 in osmotically compressed trypsin-treated fibers was similar to that observed for purely isometric contractions of titin-intact skinned fibers and not, as predicted, similar to the intact residual force enhancement (Fig. 5) . This result suggests that titin must be present for the increase in calcium sensitivity of residual force enhancement to take place and cannot be replaced by decreasing the lattice spacing with dextran. Therefore titin-based passive forces modulate calcium sensitivity via a mechanism independent of lattice spacing. This result is consistent with previous findings that changes in lattice spacing are not the only factor modulating calcium sensitivity (8, 23, 45) .
After partial degradation of titin, there was an increase in n H of reference and residual force-enhanced states compared with titin-intact fibers. To our knowledge, n H after titin degradation using trypsin has not been carefully tested in skeletal muscle preparations at a SL of 3.0 m. Nevertheless, Martyn and Gordon (33) calculated n H in rabbit psoas fibers at different SLs and found that n H increased from 1.86 to 3.12 when SL decreased from 3.4 to 2.4 m, respectively. Fukuda et al. (8) found an increase in n H from 3.31 to 4.12 between SLs of 2.4 m (passive tension ϭ 3.58 mN/mm 2 ) and 2.0 m (passive tension ϭ 0 mN/mm 2 ), respectively, in rabbit psoas fibers. Muscle disuse after rat hindlimb suspension was associated with an increase in n H in type I fibers from 2.39 to 3.21 and with a preferential loss of titin and a reduction of passive force (47) . It is well known that when SL decreases, passive force decreases (11, 17) ; thus these findings suggest that when passive tension is reduced, n H increases, which we found in this study. Here, passive tension was reduced by partial degradation of titin using trypsin.
The n H has been related to cooperativity of cross-bridge cycling. Cooperativity means that the first cross bridges that start cycling would recruit the cycling of additional cross bridges. Campbell (3) suggested that cooperativity is a dynamic component that varies with the state of thin-filament activation. For example, at high calcium activation levels, cooperativity effects are small, since calcium binding initially recruits most cycling cross bridges, so that few would remain available for cooperative recruitment. On the other hand, at low calcium activation levels, a small number of cross bridges are cycling initially and a great number of cross bridges are available for cooperative recruitment (3) . Similarly, Fitzsimons et al. (7) found that, in the presence of NEM-S1, a subfragment of the myosin head that strongly attaches to thin filaments, thereby inducing a state similar to high calcium activation, n H decreased, suggesting that only a small number (compared with the absence of NEM-S1) of cross bridges could be cooperatively recruited. In this study we found that decreased cooperativity in the presence of titin, and vice versa, increased cooperativity after partial degradation of titin using trypsin (Table 1 ). This finding suggests that, in the presence of titin, the number of cross bridges initially recruited by calcium is increased; therefore, the number of cross bridges that were available for cooperative recruitment was decreased. This result would suggest that titin may modulate the active state of thin filaments. It has been reported that the on-off activation of thin filaments is modulated by strongly bound cross bridges and the calcium-thinfilament interaction (13, 36) . Titin could potentially alter both of these mechanisms. It has been shown that passive force is a prerequisite for the formation of weakly and strongly bound cross bridges in insect flight muscle (12) . Recently, Hanft et al. (14) proposed a myofibrillar model whereby titin passive force and SL per se alter the flexibility of cross bridges and their cycling kinetics, which would control the number of forcegenerating cross bridges. Furthermore, Irving et al. (19) , using synchrotron X-rays, found that titin-based passive force caused a change in thick-filament lengths and strains that were much larger than previously reported in the literature. This means that stretch could modify the position of myosin and myosin heads and, thus, alter cross-bridge formation. Indeed, Wakabayashi et al. (48) found that large passive stretching caused a change in thick-filament structure and the resting myosin head distribution around the backbones. Similarly, Lee et al. (27) found that the position of myosin heads is not constant but depends on SL. They further suggested that titin-based passive force can affect the degree of association of myosin heads to thin filaments.
Titin-thin-filament interactions have been extensively reported in the literature (10, 30, 46) . It has also been shown that the PEVK region of titin binds actin in a calcium-dependent manner (24, 25) . The question thus arises: How do titin-thinfilament interactions modulate calcium-thin-filament interactions? We speculate that this may happen because of titin force and the direct interactions of titin with thin filaments. Mechanotransduction of titin force toward the Z line, where one end of the thin filament is located, would strain the thin filaments and, specifically, the regulatory proteins, resulting in a conformational change of these proteins and activation of thin filaments. A stress-induced deformation of proteins with subsequent activation has been described extensively for a variety of proteins (5) . Direct interaction of titin with thin filaments could change the distribution of charges on the thin filament and modify the conformation of tropomyosin and/or troponin, resulting in an increased affinity for calcium. A similar mechanism was proposed for the phosphorylation of the regulatory myosin light chains that could change the charge distribution on myosin light chains and, subsequently, change the conformation of the myosin head and bring it close to the thin filament (44) . Interestingly, it has been reported that titin binds to the COOH-terminal domains of the cardiac myosin-binding protein C (MyBP-C) (31) and most of cardiac MyBP-C NH 2 -terminal domains can bind actin in such a way that they could modulate thin-filament structure and tropomyosin position, thereby interfering with myosin head attachment to actin (38) . In skeletal muscle, it was also found that MyBP-C binds to F-actin (35) . Taken together, these findings suggest that interactions of titin with thin filaments might be mediated, at least in part, by MyBP-C (26) .
We propose that these previously discussed effects of titin on thin and thick filaments and cross-bridge formation are accentuated after active stretch. It has been shown that titin function is passive force-dependent (11); thus the increase in passive force proposed after active stretch (6, 15) could account for the potential increase in interactions of titin with thin and thick filaments. The observation that calcium sensitivity was reduced in the isometric reference and the residual forceenhanced states after partial titin degradation is consistent with the passive force-dependent interaction of titin with thin and thick filaments.
The force-pCa curve is length-dependent (2, 33): any increase in SL affects calcium sensitivity. If SL nonuniformities develop and selected sarcomeres become longer in the residual force-enhanced state than the isometric reference contraction, calcium sensitivity would be expected to increase. However, it has been shown in single-myofibril preparations that SL nonuniformity does not increase after active stretch (21) ; thus the force-pCa curves should be the same for the reference and force-enhanced states. Therefore, SL nonuniformity likely cannot explain the increase in pCa 50 for the residual force enhancement tests in titin-intact fibers. After trypsin treatment, calcium sensitivity for the reference and force-enhanced states was decreased compared with the reference contractions with intact titin. It has been shown that titin is responsible for stability of SL (18); thus SL instability and nonuniformity would be expected to increase with titin degradation. However, we believe that the decrease in calcium sensitivity after trypsin treatment is caused by the decrease in titin-based passive force and not the expected increase in SL nonuniformities. Cazorla et al. (4) also found a decrease in calcium sensitivity when titin-based passive forces were reduced by preshortening of the tested cells, a protocol that keeps titin intact and stability of sarcomeres unchanged.
Conclusion
Calcium sensitivity is increased in the residual force-enhanced state compared with the purely isometric reference state. No increase in calcium sensitivity is observed after partial degradation of titin and osmotic compression of the myofilaments. Therefore, we conclude that titin must be present for the change in calcium sensitivity to occur and that titin-based passive forces alter calcium sensitivity by a mechanism other than reduction of the myofilament lattice spacing. 
